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SYSTEM AND METHOD FOR AUTOMATING CAPTURE 
VERIFICATION ASSESSMENT AND 
PACING THRESHOLD ASSESSMENT USING A PROGRAMMER 



Field of the Invention 

The present invention relates in general to implantable cardiac 
stimulation devices, including bradycardia and anti-tachycardia 
implantable stimulation devices, defibrillators, cardioverters and 
combinations thereof that are capable of measuring, storing, and 
transmitting physiological data and parametric data pertaining to 
implantable medical devices. More particularly, this invention relates to a 
system and method for automating the threshold assessment process by 
utilizing a programmer device with specialized software for the purpose of 
assessing capture verification in conjunction with an implantable cardiac 
stimulation device. 

Background of the Invention 

Implantable medical devices, such as implantable stimulation 
devices, defibrillators, and cardioverters (collectively referred to as 
implantable cardiac stimulating devices) are designed to monitor and 
stimulate the heart of a patient that suffers from a cardiac arrhythmia. 
Using leads in contact with a patient's heart, these devices typically 
stimulate the cardiac muscles by delivering electrical pulses in response 
to detection of cardiac events, which are indicative of a cardiac 
arrhythmia. Properly administered therapeutic electrical pulses often 
successfully reestablish or maintain the heart's regular rhythm. 

Implantable cardiac stimulating devices can treat a wide range of 
cardiac arrhythmias by using a series of adjustable parameters to alter the 
stimulus energy, the shape, the location, and the frequency of the 
therapeutic pulses. The adjustable parameters are usually defined in a 
computer program stored in a memory of the implantable device. The 



program (which is responsible for the operation of the implantable device) 
can be defined or altered telemetrically by a medical practitioner using an 
implantable device programmer. Modern implantable devices have a 
great number of adjustable parameters that must be tailored to a 
5 particular patient's therapeutic needs. 

One adjustable parameter of particular importance in implantable 
"^ji stimulation devices, is an implantable stimulation device's stimulus 

energy, which is a function of the stimulus pulse amplitude and pulse 
£ width. "Capture" is defined as a cardiac response to an implantable 

10 stimulation device stimulation pulse. When an implantable stimulation 
device stimulation pulse stimulates either a heart atrium or a heart 
O ventricle during an appropriate portion of a cardiac cycle, it is desirable to 

[7 have the heart properly respond to the stimulus provided. Every patient 

J has a "capture threshold" which is generally defined as a minimum 

2 15 amount of stimulation energy to effect capture. Capture should be 

achieved at the lowest possible energy setting yet provide enough of a 
safety margin so that should a patient's threshold increase, the output of 
an implantable stimulation device (i.e. the pacing stimulus energy) would 
be sufficient to maintain capture. Dual-chamber implantable stimulation 
20 devices may have differing atrial and ventricular pacing thresholds that 
correspond to atrial and ventricular capture thresholds, respectively. 

The earliest implantable stimulation devices had a predetermined 
and unchangeable pacing stimulus energy, which proved to be 
problematic because the capture threshold is not a static value. The 
25 capture threshold may be affected by a variety of physiological and other 
factors. For example, certain cardiac medications may temporarily raise or 
lower the capture threshold from its normal value. In another example, 
fibrous tissue that forms around implantable stimulation device lead tips 
within several weeks after implantation may raise the capture threshold. 
30 As a result, some patients eventually suffered from loss of capture as their 
implantable stimulation devices were unable to adjust the pre-set pacing 
stimulus energies to overcome the changed capture thresholds. One 



solution was to set the level of stimulation energy fairiy high so as to 
provide sufficient safety margin and avoid loss of capture due to a change 
in the capture threshold. However, this approach resulted in some 
discomfort from skeletal muscle stimulation in patients who had to endure 
5 high levels of cardiac stimulation energy. Furthermore, such stimulation 
pulses consumed extra battery resources, thus shortening the useful life 
p of an implantable stimulation device. 

rf When programmable implantable stimulation devices were 

p developed, the pacing stimulus energy was implemented as an adjustable 

^ 10 parameter that could be set or changed by a medical practitioner. 

Typically, such adjustments were made by the medical practitioner using 
an external programmer capable of communication with an implanted 
implantable stimulation device via telemetry through a programming wand 
applied to a patient's chest. Pulsed magnetic fields applied over the 
15 implantable stimulation device were also used to modify pacing 

parameters. The particular setting for the implantable stimulation device's 
stimulus energy was usually derived from results of extensive 
physiological tests performed by the medical practitioner to determine the 
patient's capture threshold, from the patient's medical history, and from 
20 the patient's list of medications. Thus, the stimulus energy setting required 
consideration of the capture threshold and safety margin. While the 
adjustable pacing stimulus energy feature proved to be superior to the 
previously known static stimulus energy, some significant problems 
remained unsolved. In particular, when a patient's capture threshold 
25 changed, the patient was forced to visit the medical practitioner to adjust 
the pacing stimulus energy accordingly. 

To address these needs, implantable stimulation device 
manufacturers have developed advanced implantable stimulation devices 
that are capable of determining a patient's capture threshold and 
30 automatically adjusting the stimulation pulses to a level just above that 
which is needed to maintain capture. This approach, referred herein as 
"autocapture", improves the patient's comfort, reduces the necessity of 




unscheduled visits to the medical practitioner, improves patient safety, 
and greatly increases the implantable stimulation device's battery life by 
conserving the energy used for stimulation pulses. Additionally, such an 
implantable stimulation device maintains a record of each threshold 
5 assessment and the resulting stimulus energy required to maintain 

capture. This record keeping by the implantable stimulation device is of 
benefit to the medical practitioner in that it provides a record of lead 
j^i stability and chronic performance. 

01 

£ These and other advanced implantable stimulation device systems 

1 0 utilize a variety of robust sensing techniques to verify that capture takes 

SI place after a stimulating pulse is delivered to the heart. For example. 

SI 

Q capture may be verified by analyzing cardiac signals and comparing them 

to a polarization template and then determining the presence of an 
evoked response, as is disclosed in commonly assigned U.S. Patent No. 
lI 15 5,417,718 (Kleks et al.), and which is hereby incorporated herein by 

reference. 

Alternately, capture assessment may take place by assessing 

mechanical changes in the heart associated with a contraction, such as 

the motion of a cardiac wall or by direct detection and measurement of the 
20 cardiac evoked response immediately following a pacing pulse, as is 

disclosed in commonly assigned U.S. Patent No. 5,549,652 (McClure et 

al.), which is also hereby incorporated herein by reference. 

Another such advanced implantable stimulation device system is 

disclosed in commonly assigned U.S. Pat. No. 4,817,605 (Sholder), in 
25 which capture is verified by monitoring time intervals between atrial 

stimulation pulses and P-wave occurrences, and which is also hereby 

incorporated herein by reference. 

Regardless of the exact method used to determine threshold, the 

pacing stimulus energy is then automatically set at a level just above that 
30 necessary to maintain capture. As the patient's capture threshold 

changes, the pacing stimulus energy is correspondingly automatically 

adjusted. 



After initial implantation and configuration of the implantable 
stimulation device, the medical practitioner typically performs periodic 
follow-up examinations to determine if the therapy delivered by the device 
is having the desired effect and the implantable stimulation device is 
5 otherwise operating properly. In particular, it is of utmost importance to 
verify that the implantable stimulation device's pacing stimulus energy is 

Q 

sufficient to maintain capture with an adequate safety margin to consider 
2! changes in capture threshold. As was previously discussed, the capture 

threshold may change over time as a result of a variety of factors, such as 

10 fibrous tissue growth on implantable stimulation device lead tips or the 
regimen of the patient's medication. Such changes in the capture 
Q threshold may have caused loss of capture in an older implantable 

^ stimulation device model. Thus, the medical practitioner must determine 

whether capture is present, whether there is sufficient stimulus safety 
u 15 margin, and when capture is not present, adjust the pacing stimulus 

energy to reestablish capture. 

To assist the medical practitioner, semi-automatic pacing threshold 
determination procedures have been developed in recent years. In a 
typical semi-automatic procedure the medical practitioner applies surface 

20 electrocardiogram (ECG) electrodes to the patient and then configures the 
ECG system for capture testing. Using the electrocardiograph as a 
monitor of pacing function, the medical practitioner observes implantable 
stimulation device performance and whether capture is occurring. When 
capture is observed, the medical practitioner uses a programmer that 

25 communicates with the implantable stimulation device, and initiates a 
semi-automatic capture test while observing the implantable stimulation 
device's operation. The semi-automatic capture test sequentially 
decrements the stimulus energy while the medical practitioner determines 
that capture is taking place. In this way, the medical practitioner provides 

30 capture verification. As soon as loss of capture is observed the medical 
practitioner terminates the test and records the stimulus energy where 
capture was maintained just prior to the step where capture was lost. The 
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final pacing stinnulus energy is then adjusted by setting the output level 
sufficiently high to effect capture and maintain an adequate safety margin. 

However, such a procedure involving semi-automatic pacing 
threshold assessment and observation review for capture verification is a 
time consuming and complex task requiring significant attention and effort 
on the part of the medical practitioner. The placing and subsequent 
removal of ECG electrodes is an intensive and time consuming task. In 
addition, the medical practitioner must spend a significant amount of time 
configuring the ECG system for the patient's individual characteristics. 
The medical practitioner must also manually examine the ECG readout 
and analyze the cardiac waveform to determine whether capture is 
present both during the initial capture threshold assessment and during 
subsequent follow-up. Finally, while many follow-up tests of advanced 
implantable stimulation devices may be performed remotely via modem or 
other communication device, the patient must visit the medical 
practitioner's office for the pacing threshold determination and capture 
verification procedure. 

It would thus be desirable to provide a system for fully automating 
the pacing threshold determination and capture verification procedure. It 
would be desirable that the results of the capture threshold assessment 
be automatically documented and the programmer automatically provides 
a recommended setting for the pacing stimulus energy. It would also be 
desirable to provide the medical practitioner with the ability to perform the 
procedure without the use of intensive time consuming devices such as a 
surface ECG. It would further be desirable to provide the medical 
practitioner with the ability to perform the procedure on a patient remotely. 



Summary of the Invention 



30 



The disadvantages and limitations discussed above are overcome 
by the present invention. In accordance with the invention, a system and 
method, that is initiated by a medical practitioner, are provided for 



automating the pacing threshold assessnnent procedure and capture 
verification by the stimulation device or by the programmer of proper 
capture by stimulus pulses from a patient's implantable cardiac 
stimulation device, and to automatically adjust the device's pacing 
5 stimulus energy if necessary. 

The system and method of the present invention also utilize 
information processing, markers & other annotation and output 
capabilities of an implantable device programmer to enable the medical 
practitioner to observe the automatic procedure and to verify that it is 
OJ 10 performed properly. 

%i The programmer may also be used to initiate and observe the 

pacing threshold assessment with automatic capture verification 
^ procedure for implantable stimulation devices that do not inherently by 

1 design possess the self-determinant capability of morphology detection to 

■ 15 determine capture. 

The programmer may also be used to remotely Initiate and assess 
capture verification and provide a threshold assessment when the patient 
is at a different geographic location than the medical practitioner. The 
system and method of this invention may also automatically document the 
20 capture threshold and make recommendations for adjusting the proper 
stimulus energy level. All of the aforementioned advantages and features 
are achieved without incurring any substantial relative disadvantage. 

The present invention provides an implantable cardiac stimulation 
device equipped with data acquisition and telemetric communication 
25 capabilities, and also provides an implantable device programmer, 

preferably in the form of a portable computer, with data processing, data 
storage, graphical data display, data output, data communication, 
telemetric communication, and diagnostic capabilities. 

The implantable stimulation device includes a control system for 
30 controlling the operation of the implantable stimulation device, a 

connector adapted to couple to a set of leads for receiving atrial and 
ventricular signals and for delivering atrial and ventricular stimulation 
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pulses, a set of amplifiers for amplifying the atrial and ventricular signals, 
and pulse generators for generating atrial and ventricular stimulation 
pulses. In addition, the implantable stimulation device includes memory 
for storing operational parameters for the control system, such as the 
value for stimulus pacing energy to affect capture, and for storing data 
acquired by the control system for later retrieval by the medical 
practitioner using an external programmer. The device also includes a 
telemetry circuit for communicating with the external programmer. The 
implantable stimulation device may also include an optional sensor for 
sensing mechanical changes within the heart. 

The programmer of the present invention includes a control system 
with specialized software for controlling the operation of the programmer 
and for analyzing data acquired from the implantable stimulation device, a 
user input device for enabling the medical practitioner to issue commands 
to the programmer and to the implantable stimulation device, and an 
output device such as a video display for displaying data and images to 
the medical practitioner. The programmer also includes a memory for 
storing data and programs that perform various programmer functions and 
procedures, and a data acquisition device, such as a telemetry wand, for 
communicating with the implantable stimulation devices. A printer may 
optionally be connected to the programmer to provide a printed copy of 
the programmer's output. Finally, a remote communication device, such 
as a modem, may be connected between the telemetry circuit of the 
implantable stimulation device and the data acquisition device of the 
programmer to enable remote communication there between. 

In a preferred embodiment of the present invention, the medical 
practitioner uses the programmer to establish communication with the 
implantable stimulation device, selects a particular chamber of the 
patient's heart representing the tissue interface to be evaluated and 
initiates an automatic capture verification assessment in the selected 
chamber. 
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Optionally. if the programmer and/or the implantable stimulation 
device are equipped with more than one type of automatic capture 
assessment procedure, the medical practitioner may select a particular 
type of capture assessment (e.g., threshold assessment, capture 
verification at the current settings, etc.). 

When selecting, for example, capture verification, the 
programmer/implantable stimulation device system then performs the 
capture verification assessment and composes a test record display 
based on, preferably, an intracardiac electrogram (lEGM), or optionally on 
a surface ECG, or on another type of time-based diagram representative 
of the cardiac events (e.g., a simulation of the surface ECG using lEGM 
signals). The various events, such as pacing pulses and sensed events, 
are then automatically marked with appropriately configured markers. In 
particular, the presence or absence of capture after pacing pulses are 
delivered is noted on the test record in appropriate locations. Optionally, 
the duration and amplitude of the pacing pulses may also be recorded on 
the test record. The test record is then displayed to the medical 
practitioner. The medical practitioner can then analyze the test record to 
verify whether the pacing stimulus energy is adequate and cardiac 
capture is appropriate. 

When desired, the medical practitioner may also initiate an fully 
automatic pacing threshold assessment test. While the threshold 
assessment test is performed by the programmer and/or the implantable 
stimulation device, a fully annotated threshold assessment record is 
generated and displayed to the medical practitioner for review and 
analysis. The threshold assessment will proceed automatically to adjust 
the amplitude and/or pulse width until capture is lost. Upon detection of 
loss of capture, the pacing energy will return to pretest values and the 
results of the assessment will be displayed. The programmer, with 
specialized software may make a recommendation for the setting of the 
pacing stimulus energy based upon the type and model of implantable 
stimulation device system being evaluated. The embodied programmer 




algorithm may also make allowances for other data such as remaining 
battery capacity, medication regime, and the patient's degree of 
dependency on the implantable stimulation device. 

Alternatively the capture verification assessment and subsequent 
5 threshold assessment procedure may be fully automatic such that the 
programmer and/or the implantable stimulation device system will initiate 
the complete test, stop automatically after the capture threshold is found, 
return to the recommended values determined by the device or 
programmer, and then display capture verification recordings at the 

10 recommended settings. 

Also, if for some reason the test can not be completed 
automatically, the programmer will alert the medical practitioner after the 
test procedure is initiated as to why the test can not proceed automatically 
and what data is required to continue the assessment procedure, 

15 It should be understood that as a matter of design choice, the 

threshold assessment and automatic capture verification procedure may 
be performed entirely at the implantable stimulation device, entirely at the 
programmer, or both at the implantable stimulation device and at the 
programmer without departing from the spirit of the invention. 

20 The system and method of the present invention thus greatly assist 

the medical practitioner in verifying capture and in determining a proper 
pacing threshold as a function of the patient's implantable stimulation _ 
device system, by fully automating assessment of the capture verification 
and pacing threshold assessment procedure such that the medical 

25 practitioner only needs to verify the automatic procedure's results. 
Furthermore, the present invention enables the procedure to be 
performed remotely. 

Brief Description of the Drawings 

The above and further features, advantages and benefits of the 
30 invention will become apparent in the following description taken in 
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conjunction with the following drawings. It is to be understood that the 
foregoing general description and the following detailed description are 
exemplary and explanatory but are not to be restrictive of the invention. 
The accompanying drawings illustrate one of the embodiments of the 
invention and, together with the description, serve to explain the principles 
of the invention in general terms. Like numerals refer to like parts 
throughout the disclosure. 

FIG- 1 is a block diagram of a dual-chamber implantable 
stimulation device and a programmer in accordance with the principles of 
the present invention; 

FIG- 2 is a logic flow diagram representing an automatic capture 
verification and pacing threshold determination control program executed 
by one or both of the control system of the implantable stimulation device 
of FIG- 1 , and the programmer control system of the programmer of FIG. 
1, in accordance with the principles of the present invention; 

FIG- 3 depicts an exemplary atrial capture verification and 
threshold assessment record output of the control program of FIG- 2 in 
accordance with the principles of the present invention; and 

FIG- 4 depicts an exemplary ventricular capture verification and 
threshold assessment record output of the control program of FIG- 2 in 
accordance with the principles of the present invention. 

Detailed Description of the Preferred Embodiments 

The system and method of the present invention utilize an 
implantable stimulation device and an external programmer operated by a 
medical practitioner to perform an automatic capture verification and 
pacing threshold assessment test and to display the results of the test to 
the medical practitioner for review and analysis thereof. 

An implantable stimulation device 10 in accordance with this 
invention is shown in FIG. 1. The implantable stimulation device 10 is 
coupled to a heart 24 by way of leads 32 and 34, the lead 32 having a tip 
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and ring electrodes 18, 19 which are in contact with one of the atria of the 
heart 24. and the lead 34 having a tip and ring electrode 20, 21 which are 
in contact with one of the ventricles. The lead 32 delivers stimulating 
pulses from an atrial pulse generator 16 to the atrium, while the lead 34 
delivers stimulating pulses from a ventricular pulse generator 22 to the 
ventricle. In addition, electrical signals from the atria are delivered by the 
lead 32 to the input terminal of an atrial sense amplifier 26. Electrical 
signals from the ventricles are delivered through the lead 34 to the input 
terminal of a ventricular sense amplifier 28. 

Controlling the dual-chamber implantable stimulation device 10 is a 
control system 30. The control system 30 is preferably a microprocessor- 
based system such as the one disclosed in commonly assigned U.S. 
Patent No. 4.940.052 of Mann, which is hereby incorporated by reference 
in its entirety. The control system 30 may also be a state logic-based 
system such as the one disclosed in above-incorporated U.S. Patent 
No. 4,944.298 of Sholder. The control system 30 also includes a real- 
time clock (not shown) for providing timing for monitoring cardiac events 
and for timing the application of therapeutic pulses by the pulse 
generators 16 and 22. Finally, the control system 30 may optionally 
include circuitry (not shown) for verifying capture and determining the 
pacing threshold, such for example as disclosed in the above- 
incorporated U.S. Patent No. 5,417,718 to Kleks et al.; U.S. Patent No. 
5.549,652 to McClure et al,; and U.S. Patent No. 4,817.605 to Sholder. 

The implantable stimulation device 10 also includes a memory 14 
which is coupled to the control system 30. The memory 14 allows certain 
control parameters used by the control system 30 in controlling the 
operation of the implantable stimulation device 10 to be telemetrically 
stored and modified, as required, in order to customize the operation of 
the implantable stimulation device 10 to suit the needs of a particular 
patient. In particular, the pacing capture threshold parameters for the 
atrial and ventricular pacing pulses are stored in the memory 14. In 
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addition, data sensed during the operation of the implantable stimulation 
device 10 may be stored in the memory 14 for later retrieval and analysis. 

The control system 30 receives the output signals from the atrial 
amplifier 26 and from the ventricular amplifier 28 each time that an atrial 
event (e.g., a P-wave) or a ventricular event (e.g., an R-wave), 
respectively, are sensed within the heart 24. 

An A/D converter 42 is shown for providing the intracardiac 
electrograms (lEGM's)from the leads 32 and 34 to the control system 30. 
Based on the lEGM's, the controller 30 can apply markers for sensed and 
paced events, and timing of events, using a marker channel logic unit 38 
and a timing and control unit 40, either internal to the control system 
software/hardware (as shown) or external. 

The control system 30 also generates an atrial trigger signal which 
is sent to the atrial pulse generator 16, and a ventricular trigger signal 
which is sent to the ventricular pulse generator 22. These trigger signals 
are generated each time that a stimulation pulse is to be generated by 
one of the pulse generators 16 or 22. The atrial stimulation pulse is 
referred to simply as the "A-pulse," and the ventricular stimulation pulse is 
referred to as the "V-pulse". The characteristics of these stimulation 
pulses are determined by the pacing stimulus energy settings that are 
stored in the memory 14. 

During the time that either an A-pulse or a V-pulse is being 
delivered to the heart 24, the corresponding atrial amplifier 26 or the 
ventricular amplifier 28 is typically disabled by way of a blanking signal 
presented to the appropriate amplifier 26 or 28 from the control 
system 30. This blanking action prevents the amplifiers 26 and 28 from 
becoming saturated with the relatively large stimulation pulses that are 
present at their input terminals during pacing pulse delivery. This blanking 
action also prevents residual electrical signals (known as "after-potentials" 
or polarization) present in the muscle tissue as a result of the implantable 
stimulation device stimulation from being interpreted as atrial or 
ventricular events. 
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The implantable stimulation device 10 may include an optional 
sensor 36 connected to the control system 30 for providing additional 
capture verification by sensing mechanical changes associated with the 
contraction of the heart 24 and/or for rate modulation. Examples of a 
5 suitable sensor 36 include, but are not limited to, a cardiac wall motion 
sensor, a cardiac accelerometer, an integral pressure transducer, or an 

□ electrical impedance-based ventricular volume sensor. The sensor 36 

may also be disposed on one or both of the leads 32 and 34, respectively. 

Si A telemetry circuit 12 is further included in the implantable 

ffl 10 stimulation device 10 connected to the control system 30. The telemetry 
circuit 12 may be selectively coupled to an extemal programmer 100 by 
means of an appropriate communication link 112. The communication 

^7 link 112 may be an electromagnetic telemetry link or a remote 

communication link such as a pair of modems interconnected via a 

n 

3 15 telecommunications link and equipped with telemetry capabilities. 

The programmer 100 is controlled by a programmer control 
system 102, which is preferably microprocessor-based. A programmer 
memory 104 is used by the programmer control system 102 for software 
operation, data processing, and long-term data storage. The programmer 

20 memory 104 may include random access memory and any type of 

memory suitable for long-term data storage including a hard disk drive, 
flash memory, or a rewritable optical disk. Optionally, one or more capture 
verification assessment and threshold assessment programs may be 
stored in the programmer memory 102 for selective use by the medical 

25 practitioner. 

The programmer 100 is also provided with an display device 108. 
The display device 108 is used to display results of a capture verification 
test obtained from the implantable stimulation device 10 or performed by 
the programmer 100. An telemetry interface 1 10 is used to communicate 

30 with the implantable stimulation device 10 via the communication link 112. 
The telemetry interface 110 may be a telemetry wand or another type of 
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communication device, for wireless communication with the implantable 
stimulation device 10. 

If desired, the programmer is provided with the capability for 
detecting and displaying of the patient's surface ECG via surface 
5 electrodes and cable, 118, and ECG detection amplifier 116. The ECG 
detection amplifier 116 interacts with the programmer control system 102 
such that the surface ECG can be displayed on the display device 108. 
While the preferred embodiment utilizes the intracardiac electrograms 
and/or markers from the implantable device 10, the present invention may 

1 0 be adapted to assess electrical signals from the surface ECG for the 
capture verification assessment function. 

The medical practitioner interacts with the programmer 100 through 
a user input device 106, which may for example be a keyboard, a pen, or 
a voice interface. Through the user input device 106, the medical 

1 5 practitioner may also issue commands to the implantable stimulation 

device 10 when the implantable stimulation device 10 is in communication 
with the programmer 100. An optional printer 114 may be used to print the 
results of the capture verification and pacing threshold determination test 
at the medical practitioner's request. 

20 The operation of the implantable stimulation device 10 is generally 

controlled by a control program stored in the memory 14 and executed by 
the control system 30. This control program usually consists of multiple 
integrated program modules, with each module bearing responsibility for 
controlling one or more functions of the implantable stimulation device 10. 

25 For example, one program module may control the delivery of stimulating 
pulses to the heart 24, while another module may control the verification 
of atrial and/or ventricular capture and pacing threshold determination. In 
effect, each program module is a control program dedicated to a specific 
function or a set of functions of the implantable stimulation device 10. 

30 Similarly, the operation of the programmer 100 is generally 

controlled by a main control program stored in the programmer memory 
104 and executed by the programmer control system 102. This main 
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control program also consists of multiple integrated program modules that 
correspond to various features of the programmer 100. The control 
program module dedicated to controlling the capture verification and 
pacing threshold assessment procedure is described below in connection 
with FIG. 2. The control program module of FIG- 2 automatically interacts 
with appropriate control program modules of the implantable stimulation 
device 10 to conduct one or more portions of the procedure. 

Referring now to FIG. 2, a logic flow diagram representing the 
control program for controlling the capture verification assessment and 
pacing threshold determination procedure executed by the programmer 
control system 102 of FIG. 1 in accordance with the present invention is 
described. 

After the control program begins at a step 200, the programmer 
control system 102 establishes communication between the implantable 
stimulation device 10 and the programmer 100. At a step 204, the medical 
practitioner selects one of the chambers of the heart 24 in which capture 
verification and/or pacing threshold assessment is to be performed. Either 
the atrial or the ventricular chamber may be selected. 

At an optional step 206, the medical practitioner may select a 
particular capture verification assessment and/or threshold assessment 
function. Depending on their individual configurations, advanced 
implantable stimulation device and programmer models may be capable 
of several different capture verification assessment and threshold 
assessment functions. Thus, it may be advantageous for the medical 
practitioner to be able to select a capture verification function that is 
desirable for a particular patient or for a particular implantable stimulation 
device 10 and programmer 100 configuration. For example, if the 
programmer 100 has superior lEGM analysis capabilities, it may be 
advantageous to select a capture verification function that acquires the 
lEGM through the implantable stimulation device 10 and then utilizes the 
superior analysis capabilities of the programmer 100 to verify that capture 
is present. Examples of various superior capture verification functions are 



disclosed in the above-incx)rporated U.S. Patent No. 5,417,718 (Kleks et 
al.); U.S. Patent No. 5,549.652 (McClure et a!.); and U.S. Patent No. 
4,817,605 (Sholder). 

At a step 208, the programmer control system 102 initiates capture 
5 verification assessment using a function selected at the step 206. 
Depending on the particular function selected, the actual capture 
verification assessment may be performed by the control system 30, by 
the programmer control system 102, or by both systems 30 and 102 
working in conjunction with one another. 
10 At a step 210, the implantable stimulation device control system 

102 composes a capture verification record representative of cardiac 
events in the atrial and ventricular channels, such as P-waves and R- 
waves, and implantable stimulation device events, such as A-pulses and 
V-pulses. The cardiac events are identified by the control system 30 from 
O 1 5 signals received through the atrial and ventricular sense amplifiers 26 and 

^ 28, respectively, while the pacing pulses correspond to the trigger signals 

that are transmitted by the control system 30 to the atrial and ventricular 
pulse generators 16 and 22, respectively. In one embodiment of the 
present invention, the capture verification record may be based on an 
20 lEGM measured by the control system 30. 

Alternatively, the programmer control system 102 may utilize the 
surface ECG of the patient via the electrodes and cable 118 and the 
surface ECG input amplifier 1 16 for the purposes of performing the 
capture verification assessment function. For example, the programmer 
25 control system may store a particular surface ECG waveform morphology 
consistent with ventricular capture in the memory 104 of the programmer. 
By performing beat by beat comparison of waveform morphology, the 
programmer will assess the consistency of capture and generate a 
capture record for display on the programmer display device 108. 
30 At a step 212, the programmer control system 102 marks A- and/or 

V- pacing pulses in each of the ventricular and atrial channel portions of 
the capture verification record with an appropriate PACING PULSE 
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marker. For example, an A-pulse may be marked with a letter "A", while a 
V-pulse may be marked with a letter "V". Other markers representative of 
pacing pulses may also be used as a matter of design choice. 

At a step 214, the programmer control system 102 marks verified 
5 capture events in the capture verification record with a CAPTURE marker. 
The CAPTURE marker may be a text marker, such as the word "capture" 
Q displayed next to a capture event, or it may be a letter "C". Other markers 

representative of a capture event may also be used as a matter of design 
5 choice. At a step 216, the programmer control system 102 places a NO 

ji 10 CAPTURE marker in each location on the capture verification record 
^ where a capture event is expected but does not occur. The NO 

CAPTURE marker may be a text marker, such as the words "no capture" 
displayed next to a capture event, or it may be the letters "NC". Other 
markers representative of the absence of a capture event may also be 
1 5 used as a matter of design choice. 

At an optional step 218, the programmer control system 102 may 
also mark the pacing pulses with markers representative of their 
respective amplitude and duration characteristics. These markers provide 
the medical practitioner with additional information useful for analysis of 
20 the capture verification record. 

It should be noted that the steps 210 through 218 may alternately 
be performed by the control system 30 of the implantable stimulation 
device 10 as a matter of design choice without departing from the spirit of 
the invention. Thus, the capture verification record may be composed at 
25 the implantable stimulation device 10 and then transmitted to the 
programmer 100 via the communication link 112. 

Referring now to FIG. 3, an exemplary capture verification and 
threshold assessment record of an atrial capture test is shown. In the 
exemplary record, the atrial capture threshold is set to 1 .8 volts, and thus 
30 a 1 .6 volt pacing pulse does not capture. CAPTURE markers are 

indicated with "capture", and the NO CAPTURE marker is indicated with 
"no capture". The amplitude and duration of pacing pulses is also 
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indicated. Referring now to FIG. 4, an exemplary capture verification and 
threshold assessment record of a ventricular capture test is shown. In the 
exemplary record, the ventricular capture threshold is set to 2.2 volts and 
thus a 2.0 volt pacing pulse does not capture. 
5 Returning now to FIG- 2, at a step 220, the programmer control 

system 102 displays the capture verification record to the medical 
practitioner on the display device 108. Optionally, the capture verification 
record may also be printed by the printer 114. 

At a test 222, the medical practitioner is prompted by the 

10 programmer control system 102 to indicate whether pacing threshold 
assessment is to be conducted. If the capture verification record shows 
loss of capture, the medical practitioner will most likely initiate the pacing 
threshold assessment procedure. If the medical practitioner indicates that 
pacing capture threshold assessment is to be conducted, the programmer 

15 control system 102 proceeds to a step 226. Otherwise, the programmer 
control system 102 proceeds to a step 224 where the control program 
ends. Optionally, the pacing capture threshold assessment test may be 
initiated automatically without input from the medical practitioner. 

At the step 226, the programmer control system 102 performs a 

20 pacing capture threshold assessment test to determine an appropriate 
pacing threshold for the implantable stimulation device 10. Examples of 
automatic pacing threshold assessment tests are disclosed in the above- 
incorporated U.S. Patent No. 5,417,718 to Kleks et ah; U.S. Patent No. 
5,549,652 to McClure et al.; and U.S. Patent No. 4,817.605 to Sholder. At 

25 a step 228, the programmer control system 102 composes a pacing 

threshold assessment record that indicates the atrial and/or ventricular 
capture thresholds and also indicates the appropriate pacing thresholds 
for the atrial and/or ventricular channels. During an automatic threshold 
assessment function the programmer controls the temporary 

30 programming of stimulus capture energy and terminates the threshold 
assessment function as soon as loss of capture is detected. 
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At a step 230, the programmer control system 102 displays the 
pacing capture threshold assessment record to the medical practitioner on 
the display device 108. Optionally, the pacing capture threshold 
assessment record may also be printed by the printer 114. The 
programmer control unit 102 then proceeds to the step 224 where the 
control program operation ends. 

The medical practitioner is thus presented with complete visual 
records of automatic capture verification assessment and automatic 
capture threshold assessment, so that the records may be analyzed and 
the proper operation of the implantable stimulation device 10 confirmed 
without subjecting the patient to intensive time consuming procedures 
such as analysis of the surface ECG during the threshold determination 
sequence performed by the medical practitioner. 

One skilled in the art will appreciate that the present invention can 
be practiced by other than the described embodiments, which are 
presented for purposes of illustration and not of limitation, and the present 
invention is limited only by the claims that follow. 



